Abstract: We demonstrate direct measurements of local refractive index contrast using a scanning optical frequency domain reflectometer. Measurement results for step index fiber, gradient index fiber, and a volume holographic grating are presented.
OCIS codes: (060.2300) Fiber measurements; (180.5810) Scanning microscopy Most conventional methods for measuring refractive index, such as minimum deviation, critical angle, autocollimation, and ellipsometry are well suited for measuring the index of bulk samples or thin films of homogeneous solids or liquids [1] . In general, however, these methods are not well suited to measuring variations of refractive index that occur on length scales of 10 −3 to 10 −6 m. For characterization of transparent objects with index variations on these small length scales, various methods of phase microscopy are typically used. Traditional techniques such as Zernike phase-contrast microscopy and Nomarski differential interference contrast (DIC) microscopy render transparent phase structures visible, but do not offer a quantitative measure of the refractive index. Efforts towards quantitative phase microscopy, such as quantitative DIC microscopy [2] , structured-illumination phase microscopy [3] , digital holography [4] , and optical coherence tomography [5] , provide quantitative measures of optical path length, but not a direct measure of refractive index. For applications such as the characterization of integrated optical devices, fiber measurements, and development of holographic materials, a direct measurement of refractive index variations is needed. We present a novel application of optical frequency domain reflectometry (OFDR) for directly measuring index contrast on spatial scales on the order of 10 µm. We verified the technique using Corning SMF28 optical fiber as a known test object, and we present results for measurements of a gradient index multimode fiber and a holographic volume phase grating.
The experimental scanning OFDR system is illustrated in Fig. 1 . The laser source is an Agilent 81680A tunable laser capable of continuous mode-hop-free wavelength tuning over the C telecommunications band. To account for fluctuations in the tuning rate, we implemented the frequency sampling method [6, 7] whereby the output of an auxiliary interferometer is used as a frequency clock to trigger data acquisition. The laser output is split by a 3dB fiber coupler into a measurement path and a reference path. In the measurement path, another 3dB coupler serves as a circulator, delivering light to the sample under test and collecting the reflected signal. The light directed towards the sample under test leaves the fiber by way of a polished and anti-reflection-coated fiber connector. A pair of aspheric lenses with a focal ratio of 3.4 images the 10.4 µm diameter mode field of the fiber output to a diffraction-limited 3 µm diameter spot on the surface of the sample under test. Light is reflected from the sample under test according the the Fresnel relation, which gives the field reflection coefficient at normal incidence as r = ±(n 2 − n 1 )/(n 2 + n 1 ), where n 1 and n 2 are the refractive indices on either side of the reflecting interface, and the sign depends on polarization. The reflection from the interface is coupled back into the fiber by the aspheric lens pair and interferes with the light traversing the reference path. The observed fringe pattern is proportional to r cos (ωτ + ψ), where ω is the instantaneous laser frequency, τ is the propagation time difference experienced by light traversing the two paths of the interferometer, and ψ is an arbitrary phase offset [6] . Polarization diverse detection eliminates the problem of polarization fading of the observed interference fringes [8] . The reflectivity is measured by applying a Fourier transform to the observed fringe data, and recording the size of the corresponding peak in the Fourier domain. The constant of proportionality that relates peak size to absolute reflectivity is calibrated by measuring the reflection from a known interface.
The sample under test is positioned on a high-resolution six-axis motorized stage. This stage is used to align the interface of interest to the focal plane of the aspheric lens pair. The stage is also used to scan the sample transversely in order to measure the variation in reflectivity as a function of position. The index contrast δn between two points with reflectivities r 0 and r 1 is calculated from this reflectivity variation according to
a636_1.pdf JWA38.pdf Fig. 2 . Index contrast measurement for Corning 62.5/125 gradient index optical fiber performed using scanning optical frequency domain reflectometry. The index contrast is normalized to the peak reflectivity.
The index contrast specified by the manufacturer is 2%. where the upper sign is for n i < n t , and the lower sign is for n i > n t .
To verify this technique we measured the core/cladding index contrast of Corning SMF28 optical fiber to be 0.366 ± 0.020%, which compares favorably to the specified contrast of 0.36%. We also performed a measurement of Corning 62.5/125 gradient index multimode fiber, shown in Fig. 2 . The specified index contrast for this fiber is 2%. Lastly, we measured a holographic phase grating written in diffusion-mediated volume photopolymer. For this sample, the polymer grating was sandwiched between two glass substrates. The OFDR probe beam was focused on the glass/polymer interface and the sample was scanned transversely. In this application the depth sectioning ability of OFDR allows the reflections from the glass/air interfaces to be excluded from the measurement, as shown in Fig. 3 . The measured index contrast for the phase grating is shown in Fig. 4 .
In summary, we have demonstrated a novel application of OFDR for measuring refractive index contrast at small spatial scales with resolution on the order of 10 −4 .
